Summary Low bone mass is a consequence of anorexia nervosa (AN). This study assessed the effects of energy deficiency on various bone and hormonal parameters. The interrelationships between energy deficiency and bone remodelling, glucose homeostasis and adipokines underscore the importance of preventing energy deficiency to limit demineralisation and hormonal alterations in AN patients. Introduction Low areal bone mineral density (aBMD) is a well-known consequence of AN. However, the impact of reduced energy expenditure on bone metabolism is unknown. This study assessed the effects of energy deficiency on bone remodelling and its potential interactions with glucose homeostasis and adipose tissue-derived hormones in AN, a clinical model for reduced energy expenditure.
Introduction
A recent hypothesis suggested that bone remodelling is energetically costly for the rest of the body and may therefore be affected by the energy disposal of the organism [1, 2] . Moreover, based on experimental studies, bone is now considered to be an endocrine organ that contributes to the regulation of glucose metabolism and energy expenditure [3, 4] . Murine knockout models (Ocn−/−) have clearly shown that osteocalcin (OC), a protein specifically secreted by osteoblasts, is involved in this process. When OC is undercarboxylated (ucOC), its avidity for hydroxyapatite is reduced and this favours its release into the systemic circulation [3, 5] where it stimulates β cell proliferation, insulin synthesis, insulin secretion, sensitivity to insulin in peripheral tissues and subsequent energy expenditure [3, 5] . OC also regulates fat tissue directly by reducing adipocyte number and triglyceride synthesis and increasing the expression of adiponectin and its target genes in white fat [6] and indirectly by increasing energy expenditure through modulating mitochondrial biogenesis in the muscle [3] . OC is further known to increase the expression of genes involved in brown tissue thermogenesis [6] . In humans, proof of this concept is limited, although an association between glucose metabolism and both total and undercarboxylated OC has been demonstrated by the negative correlation of the two forms of OC concentration with glucose levels and the degree of insulin resistance, conversely to the positive correlation with insulin secretion and adiponectin concentrations [7] [8] [9] .
The hypothesised link between energy status and bone remodelling in humans is further supported by the observations of low bone mass acquisition in patients with anorexia nervosa (AN), who have a subsequently higher fracture risk [10] [11] [12] and the increased bone mass in young obese individuals [13] . In this context, our group and others have reported in AN patients positive correlations of nutritional markers like weight, body mass index, body fat mass and IGF-1 with the markers of bone formation and negative correlations with the markers of bone resorption [11, 14] . Moreover, Hotta et al. [14] confirmed an alteration in bone remodelling only in patients with a BMI below 16.5 kg/m 2 , while values were approximately normal in those with a BMI between 16.5 and 18.5 kg/m 2 . These findings suggest that the degree of altered bone remodelling depends on the severity of undernutrition and thus the degree of energy deprivation. Recent data demonstrated that resting energy expenditure measured (REE m ) by calorimetry was lower in chronic AN than in controls and this was associated with a significantly reduced metabolic rate of fat-free mass [15] .
Leptin, an adipocyte-derived hormone, is a potential link between energy status and bone metabolism not only because it inhibits appetite and favours energy expenditure [16] , but also because it has a powerful central action of inhibiting bone mass accrual by inhibiting serotonin synthesis [17] [18] [19] .
Since puberty is the crucial period for bone mass acquisition [20] , an impairment in the acquisition of peak bone mass may increase the risk of osteoporosis later in life [21] . Better knowledge of the mechanisms that regulate bone metabolism in cases of undernutrition would be helpful to develop countermeasures.
The aim of the study was to investigate the relationship between energy metabolism measured by calorimetry and bone status in a condition of dramatic undernutrition in adolescents and young women with AN. Moreover, the potential interactions between energy status, bone metabolism, glucose homeostasis and adipose tissue-derived hormones were concomitantly evaluated.
Subjects and method
Study approval was obtained from the Regional Research Ethics Committee (Comité de Protection des Personnes SudMediterranee IV, Montpellier, France; reference: 11 02 03), and permission for the clinical trials was granted by the French Medicines and Health Care Products Regulatory Agency (Agence Française de Securite Sanitaire des Produits de Santé; AFSSAPS). Written informed consent was obtained from all participants and their parents when the volunteers were minors.
Subjects
A total of 100 adolescent and young women with ages ranging from 14.4 to 23.8 years (mean 18.1±2.3) were enrolled in this study. Fifty of them had been diagnosed with anorexia nervosa. Patients were consecutively recruited from the Endocrinology Department at Montpellier University Hospital (France) in 2009-2012. They fulfilled the criteria for the diagnosis of AN as defined by the Diagnostic and Statistical Manual of Mental Disorders (DSM) IV, i.e. amenorrhoea, body mass index (BMI) <18 kg/m 2 , fear of gaining weight and alteration in body size perception (American Psychiatric Association, 1994). Only patients with the pure restrictive form of AN were included in this study to limit potential bias due to a mix of the eating/purging and pure restrictive AN types. The control group (CON) was recruited from advertisements in local newspapers and from the staff and students in the Departments of Nuclear Medicine, Endocrinology and Psychiatry of Lapeyronie Hospital, CHRU Montpellier. The group was composed of 50 normal weight healthy adolescent and young women with 18<BMI<25 kg/m 2 . None of them had any history of eating disorders or other psychiatric illness as determined by the SCOFF questionnaire [22] and the Mini International Neuropsychiatric Interview [23] . All the controls presented normal menstrual cycles and performed only leisure physical activities. Neither control subjects nor anorexic patients presented with primary amenorrhoea or had impaired glucose regulation or diabetes mellitus or were taking any medications known to affect glucose or bone metabolism. Some of the participants have been described elsewhere [11] .
Methods
This study followed a case-control design and has been described in detail elsewhere [11] . Standing height was measured with a stadiometer to the nearest 0.1 cm. Weight was determined using a weight scale with a precision of 0.1 kg. BMI was calculated as weight (kg) divided by the square of height (m). Height standard deviation score (height SDS) and weight standard deviation score (weight SDS) were calculated according to the French standard curves. Moreover, weight history was self-reported by each patient.
Medical and menstrual histories
Each subject or her parents responded to a medical questionnaire designed to assess the general medical and menstrual (age of menarche, menstrual function) and disease histories (age of AN onset, duration of AN and weight variations).
Resting energy expenditure measurements
Measured resting energy expenditure (REE m ) was assessed over a period of at least 30 min by indirect calorimetry (Quark RMR, Cosmed, Rome, Italy) after an overnight fast in the patients with AN.
Predicted REE values (%; REE p ) were calculated for AN and CON from the equation of Harris and Benedict modified by Roza and Shizgal [24] as follows: REE p = 667.051 + 9.74×(weight)+1.729×(height)−4.737×(age).
Assays
Blood samples (25 ml) were collected in the morning (0830-0930 hours) in chilled sterile tubes by standard venipuncture technique. The samples were allowed to clot at room temperature and were then centrifuged at 2500 rpm for 10 min at 4°C. Plasma samples were stored at −80°C until analysis. All samples were run in duplicate, and to reduce inter-assay variation, the plasma samples were analysed in a single session. The date of the last menses was not recorded for CON, and hormonal values were thus obtained at an unsynchronised menstrual stage. Serum OC, undercarboxylated osteocalcin (ucOC), procollagen type I N-terminal propeptide (PINP), type I-C telopeptide breakdown products (CTX), insulin, leptin, soluble leptin receptor (sOB-R), adiponectin, insulin-like growth factor (IGF-1) and insulin-like growth factor binding protein (IGFBP-3) were evaluated.
OC, PINP, CTX and insulin were assayed by Cobas 6000 (Roche Diagnostic, Mannheim, Germany). The inter-and intra-assay coefficients of variations (CVs) for the three latter parameters were lower than 7 %.
The intra-and inter-assay CVs for leptin were, respectively, <5 and <7.6 % (Mediagnost GmbH, Reutlingen, Germany). sOB-R concentration was measured with an ELISA kit (Biovendor, Brno, Czech Republic). Sensitivity was 0.4 U/ ml, and the intra-and inter-assay variability was 4.4 and 7.2, respectively. The free leptin index (FLI) was calculated as the ratio of leptin to sOB-R [25] . Adiponectin (TECOmedical AG, Sissach, Switzerland) and ucOC (Takara Bio, Inc., Otsu, Japan) concentrations were measured with the ELISA kit, and the intra-and inter-assay variability was <5 and <7 %, respectively.
The intra-and inter-assay CVs for IGF-1 (Immulite 2000\ IGF-1, Siemens Healthcare Diagnostics) and IGFBP-3 (Immulite 2000\ IGFBP-3, Siemens Healthcare Diagnostics) were lower than 6 %. The IGF-1/IGFBP-3 ratio was calculated as follows: (IGF-1/IGFBP-3)×100.
For the biological parameters, the CVs for the intra-and inter-assay variations were given by the manufacturer. Homeostasis model assessment (HOMA) of insulin resistance (IR) was defined as (fasting plasma insulin [μU/ml]×fasting plasma glucose [mmol/l])/22.5. All scanning and analyses were performed by the same operator to ensure consistency, after following standard quality control procedures. Quality control for DXA was checked daily by scanning a lumbar spine phantom consisting of calcium hydroxyapatite embedded in a cube of thermoplastic resin (DPA/QDR-1; Hologic x-caliber anthropometrical spine phantom). The CVs given by the manufacturer were 0.8 % for spine and radius, 1.1 % at the hip and <1 % for FFST and FM.
Statistical analysis
The study population was described with means and standard deviations (SD) for quantitative variables and with frequencies for qualitative variables. The continuous variable distributions were tested with the Shapiro-Wilk statistic. Quantitative variables were compared with the parametric Student's t test when the distribution was Gaussian and with the MannWhitney test otherwise. To summarise the relationships between continuous variables, a Pearson or Spearman coefficient correlation was used.
Linear regression analyses were carried out to identify the factors associated with REE m . Variables with a p value ≤0.2 in the univariate analysis were introduced in the multivariate analysis. The final model was determined using a backward selection with a removal level of 0.05. The absence of collinearity between variables was verified with variance inflation factors. To test the validity of the model, the normality of residues was tested with the Shapiro-Wilk test. The two-sided significance level was 0.05. The statistical analysis was conducted at the Department of Epidemiology and Biostatistics, University Hospital of Montpellier, France, with SAS version 9 (SAS Institute, Cary, NC, USA).
Results

Anthropometric and gynaecological characteristics
Subject characteristics are shown in Table 1 . The age distribution ranged from 14.5 to 23.9 years, with a mean age of 18.0± 2.1 and 18.1±2.7 years for AN and CON, respectively. As expected, due to undernutrition, body weight, BMI, % body fat, total FM (kg) and FFST were markedly lower in AN patients compared with CON (p<0.001). When weight SDS and height SDS were calculated according to the French standard curves, AN also presented low values for weight (−1.8± 0.9 SD) and normal values for height (0.3±1.1 SD). The mean age of onset of AN was 16.0 ± 1.9 years (range 13.0 to 21.5 years), and the mean duration was 2.1±1.8 years (range 0.5 to 8.2 years).
The age of menarche was not different between groups (12.7±1.3 and 12.3±1.4 for AN and CON, respectively). All patients had secondary amenorrhoea, corresponding to the criteria of DSM IV. Eight patients (16 %) were already taking oral contraceptives when included in the study. Among CON, only minor variations in the duration of menstrual cycles (~28 days) were encountered and 46 % of them were taking oral contraceptives (23 of 50).
Bone mineral density, hormonal and biochemical parameters aBMD at all bone sites was significantly lower (ranging from p<0.01 to p<0.001) in patients with AN compared with CON (whole body [−4. Table 2) .
Regarding bone remodelling, adolescents and young women with AN presented lower mean values for markers of bone formation (OC: −37.2 %, p < 0.001 and PINP: −44.8 %, p<0.001) and a higher mean value for the bone resorption marker (CTX: +55.2 %, p < 0.001). Calcium (+2.4 %, p<0.05) and phosphorus (+8.3 %, p<0.001) concentrations were also significantly higher in AN patients. Patients taking oral contraceptives pills (OCPs) presented lower CTX, but aBMD values did not differ between the two groups.
Fasting serum leptin levels and FLI were significantly and severely decreased (−86.8 and −92.2 %, respectively, p<0.001) in patients with AN, whereas fasting serum sOB-R and adiponectin levels were significantly higher (+65 and + 58.3 %, respectively, p<0.001) ( Table 2) . ucOC, glucose, insulin, HOMA-IR, IGF-1 and IGF-1/IGFBP-3 were significantly reduced (all parameters p<0.001) in AN patients and the IGFBP-3 level tended to be lower (p=0.07) compared with CON.
The values of REE m (992.3 ± 154.8) indicated hypometabolism in AN. REE p was significantly lower (p<0.001; −10.9 %) in AN patients compared with CON. A mean significant difference of 284.5±132.9 kcal/day was observed between REE m and REE p in AN, which corresponded to an average variation of 31.4 %.
Correlations between REE and various parameters
The correlations between REE m or REE p and the various clinical, anthropometric and biological parameters are presented in Table 3 . REE m in the AN patients was significantly and positively correlated with weight, BMI, WB FM, WB FFST, PINP, OC, glucose, insulin, HOMA-IR, leptin, FLI, IGF-1 and IGFBP-3 and negatively with CTX and sOB-R. Conversely, REE p appeared more highly correlated with aBMD and less correlated with bone remodelling markers and glucose homeostasis parameters than REE m . REE p in CON was significantly and positively correlated with weight, BMI, L1-L4 aBMD, WB FM, WB FFST, leptin and FLI and negatively with OC.
In the multivariate model, increases in WB FFST (p<0.01), PINP (p<0.01) and HOMA IR (p<0.01) and a decrease in CTX (p<0.001) were associated with an increase of REE m . These variables explained respectively 14, 13, 19 and 21 % of the REE m variance, with a total explained variance of 67 %.
Correlations between aBMD and clinical and biological data
Briefly, aBMD in patients was positively correlated (p<0.05 to p<0.01) at all bone sites, radius excepted, with weight; aBMD at WB and L1-L4 was positively correlated (r=0.33 and r=0.34; p<0.05) with WB FFST; and aBMD at L1-L4 and hip was positively correlated with IGFBP-3 (r=0.35 and r=0.31, p<0.05). Moreover, the age of AN onset was positively correlated with aBMD at radius (r=0.27, p<0.05). Negative correlations were observed between the duration of AN and aBMD at hip (r=−0.39, p<0.01) and between the duration of amenorrhoea and aBMD at L1-L4 and hip (r=−0.31 and r=−0.38; p<0.05). aBMD at WB was negatively correlated with PINP and OC (r=−0.37 and r=−0.31, p<0.01 and p<0.05), aBMD at L1-L4 and hip was negatively correlated with adiponectin (r=−0.41 and r=−0.38, p<0.01) and aBMD at radius was negatively correlated with CTX (r=−0.27, p<0.05) and uOC (−0.31; p<0.05). A positive correlation (r=0.27, p<0.05) was found between aBMD at L1-L4 and HOMA-IR.
Correlations between bone markers, adipokines, glucose homeostasis and growth factors Briefly, PINP and OC were positively and strongly correlated with leptin (r=0.56 for both, p<0.001), and these three biological parameters were positively correlated with insulin, HOMA-IR, FLI and IGF-1 and negatively with sOB-R. OC and leptin were positively correlated with glucose (r=0.30 and r=0.42, p<0.05) and IGFBP-3 (r=0.40; p<0.01 and r=0.56; p<0.001). CTX was negatively correlated only with FLI (r= −0.33, p<0.05).
Effects of the duration of anorexia nervosa
No correlation was found between the duration of the disease and REE m , REE p , bone parameters, glucose metabolism or anthropometric factors. A negative correlation was found only between the duration of AN and aBMD at the hip (r=−0.39; p<0.01) and the CTX level (r=−0.3, p=0.03). Nevertheless, in order to discriminate patients with relatively 'acute' or 'chronic' disease, the patients were subdivided into two groups according to the median (1.52 years) of the disease Values are presented as mean±SD. Controls presented only minor alteration in the duration of menstrual cycles (~28 days)
BMI body mass index, SDS standard deviation score, WB whole body a Duration of amenorrhoea was only reported in patients not taking contraceptives duration. Table 4 shows the significantly different parameters of the acute and chronic groups. Age, anorexia nervosa and amenorrhoea durations were greater in chronic patients, whereas aBMD at FN was significantly lower (p=0.04) and tended to be lower at L1-L4 and hip (p=0.07) than in the acute group. No difference between AN groups was demonstrated for anthropometric (weight, BMI, WB FM and WB FFST) or biological data (data not shown).
Effects of weight variation
In addition to the disease duration, it is likely that the phase of the disease (healing or not), as defined by a gain or loss in weight, influenced the parameters. To test this hypothesis, patients were again subdivided on the basis of the weight change in the last 6 months. Table 5 shows the difference between patients who presented weight gain (n=10, mean 3.7±1.6 kg) and those who presented significant weight loss (n=34, mean −7.1±3.9 kg). The two groups of patients had received the same medical care (psychological and nutritional management). In two patients, the weight at 6 months was not recorded, and in four patients, the variation in weight during this period was less than 1 kg, the minimum considered to be clinical relevant. These six patients were not maintained in the final analysis. The weight 6 months earlier was significantly lower in the weight gain group compared with the weigh loss group. Weight, WB FM, WB FFST and REE m were not different between groups; OC, leptin and FLI were higher; and CTX, hip and FN aBMD were lower in the weight gain compared with weight loss group.
Discussion
In this work, we show that AN induces several alterations in bone mass acquisition, as well as in body composition and calcium, glucose and energy metabolism. Moreover, we demonstrate for the first time that REE measured by calorimetry provides an accurate reflection of not only the altered body composition, but also the variations in bone remodelling, glucose homeostasis, adipose tissue-derived hormones and growth factor secretion. Although the impairment in bone mass acquisition is a well-known consequence of AN [10, 11, [26] [27] [28] , we highlight here that the deleterious effect of AN begins early and is severe, showing that bone mass at trabecular (lumbar spine) and cortical (femur) sites was reduced by 15 % 2 years after AN onset. These results suggest that the clinical management of bone loss should be initiated soon after the time of diagnosis to reduce the impact on peak bone mass and the subsequent risk of future osteoporosis [29] . The most important new finding of this study, however, is the direct and specific link between REE m and bone turnover markers. This result was supported by a positive correlation between REE m and OC or PINP, markers reflecting bone formation, and the negative correlation between REE m and CTX, a marker reflecting bone resorption. The low REE m observed in AN patients has been considered as a protective mechanism for limiting the loss of body mass [15] , mainly related to a reduction in FFST [30] . Our results strongly suggest that the more REE m is reduced, Data are presented as r (Pearson coefficient correlation) and significant correlation was denoted by *p<0.05, **p<0.01 and ***p<0.001
BMI body mass index, AN anorexia nervosa, WB whole body, aBMD areal bone mineral density, L1-L4 lumbar spine, FN femoral neck, FM fat mass, FFST fat-free soft tissue, CTX type I-C telopeptide breakdown products, PINP procollagen type I N-terminal propeptide, OC osteocalcin, ucOC undercarboxylated OC, HOMA-IR homeostasis model assessment of insulin resistance, sOB-R soluble leptin receptor, FLI free leptin index defined as leptin/sOB-R ratio, IGF-1 insulin-like growth factor-1, IGFBP-3 insulin-like growth factor binding protein-3 a Correlations between weight, BMI and REE predicted are not presented because weight and BMI are used in the equation of Roza and Shizgal (24) for the determination of REE predicted the more bone turnover is altered in favour of bone resorption. Unfortunately, we were not able to demonstrate the same link between REE m and aBMD measured at various bone sites. Although these two sets of data seem divergent, it is likely that bone turnover and bone mass present specific kinetic adaptations and that bone cell activity, like REE m , is rapidly impacted by severe undernutrition, while bone loss is a slower process that requires more time to be detected by aBMD changes. The subdivision of AN patients according to the duration of the disease allowed us to confirm this hypothesis. Although no difference between acute and chronic phases was demonstrated regarding REE m and bone remodelling markers, a greater reduction in aBMD was highlighted in the chronic patients. In this context of severe undernutrition, what is the link between energy deprivation and bone turnover alteration?
Experimental data demonstrated that a gain-of-function model (Esp−/− mice) of OC was characterised by increased energy expenditure, while the inactivation of OC showed the opposite effect [3] . In addition, OC injections in wild-type mice on a high-fat diet showed an increase in energy expenditure without affecting food intake [31, 32] . In line with these results, the present study demonstrates that in addition to OC, the secretion of ucOC, the only form active on β cells [6] , is decreased along with REE m in AN patients. In mice lacking the insulin receptor in osteoblasts (InsR osb −/− mice), low ucOC levels, glucose intolerance and insulin insensitivity have been reported [33, 34] , suggesting that insulin signalling in osteoblasts is a determinant factor of osteocalcin bioactivity [35] . Moreover, Ferron et al. [33] demonstrated that insulin inhibits the expression in osteoblasts of the gene encoding for osteoprotegerin (OPG), a cytokine known to suppress osteoclast differentiation. The low insulin levels observed in this work, as well as in a previous study [36] , may partly explain the higher circulating OPG levels and the positive correlation between OPG values and the markers of nutritional status previously reported in AN patients [10, 37] . However, the OPG/ sRANKL ratio was also found to be lower in AN, thereby contributing to enhanced bone resorption [37] and acidification of the bone mineral matrix, which in turn may accentuate decarboxylation and thus activate osteocalcin product [33] . The reduced insulin and increased bone resorption in our patients should have resulted in an increase in ucOC values. However, the pool of available OC was decreased and associated with a reduced decarboxylation rate. This was supported by the finding of a higher OC/ucOC ratio in AN (10.2 for AN and 6.2 for CON; data not shown). The concomitant reductions in OC levels and decarboxylation activity most likely overtook the effects of low insulin and increased resorption activity, which resulted in lower ucOC. In addition, the positive feedback between bone and pancreatic β cells suggested that the low levels of insulin were due to a lack of insulin production by low concentrations of ucOC [6] . To the best of our knowledge, only one recent study has evaluated ucOC in adults with the restrictive and eating/purging types of AN [38] . Conversely to our results, the ucOC levels in Urano's study were found to be overall higher in the AN patients compared with the normal weight controls, but the difference disappeared when only restricted patients were considered [38] . We have no clear arguments to explain the discrepancy Patients with anorexia nervosa were classified in 'acute' and 'chronic' groups based on the median duration of the pathology (1.5 years)
BMI body mass index, AN anorexia nervosa, aBMD areal bone mineral density, L1-L4 lumbar spine, FN femoral neck, REE m resting energy expenditure, REE p resting energy expenditure predicted between our study and previous works, but the age of the patients and the lack of homogeneity and standardised specificity for commercial assays to detect the ucOC isoform should be considered. In the context of undernutrition, it is interesting to note that REE m and OC were correlated with parameters reflecting glucose homeostasis, suggesting a strong interaction between the skeleton and several tissues associated with energy homeostasis and glucose metabolism. We confirmed that the low leptin levels in AN are positively correlated with nutritional factors and markers of bone formation (OC, PINP) and negatively correlated with CTX [10, [39] [40] [41] [42] [43] [44] [45] [46] and sOB-R [36, 44] . sOB-R, the main leptin-binding activity in human blood [47] , has generally been found to be higher in AN [36, 44, 48] compared with a healthy population, and this may be a protective mechanism that decreases free leptin bioavailability, further facilitating energy conservation [44] . Our findings also show for the first time that REE m is strongly and positively correlated with leptin and FLI and negatively with sOB-R, indicating that REE m is a surrogate marker to evaluate hormonal changes related to severe undernutrition. In addition, the parameters of glucose homeostasis were strongly and positively correlated with leptin and FLI, Values are presented as mean±SD. Only patients with weight variation greater than 1 kg were included in the analysis. In four patients, the weight was stable and in two others the weight at 6 months was unknown. Finally, 44 patients (n=10 weight gain and n=34 weight loss) were included in the final analysis BMI body mass index, REE m resting energy expenditure measured, REE p resting energy expenditure predicted, aBMD areal bone mineral density, WB whole body, L1-L4 lumbar spine, FN femoral neck, FM fat mass, FFST fat-free soft tissue, CTX type I-C telopeptide breakdown products, PINP procollagen type I N-terminal propeptide, OC osteocalcin, ucOC undercarboxylated OC, sOB-R soluble leptin receptor, FLI free leptin index defined as leptin/sOB-R ratio, IGF-1 insulin-like growth factor-1 suggesting that leptin may regulate the amount of insulin secreted [36] . Experimental data have shown that leptin inhibits insulin secretion by regulated osteocalcin activity through sympathetic signalling in osteoblasts [5] . However, as leptin, OC and insulin resistance were strongly and positively correlated with REE m , it is more likely that undernutrition was responsible for their concomitant decrease and this adaptation may contribute to preventing exacerbated hypoglycaemia. Conversely, the increase in adiponectin in patients with AN [49] does not seem to interact with glucose homeostasis, but may have a deleterious effect on aBMD at lumbar spine and hip, as previously demonstrated [41] . Bone demineralisation in AN is accentuated with the duration of the disease and amenorrhoea [11, 40] . As aforementioned, a higher aBMD reduction was observed in the chronic compared with the acute group, while no other difference concerning REE m , bone markers, hormones or body composition was demonstrated. This suggests that major modifications, except those in aBMD, appear rapidly and remain relatively stable at a 'new steady state' in line with the energy metabolic defect. However, disease duration may not be the most pertinent parameter to evaluate the variation in metabolism because body weight, a determinant factor in the regulation of various physiological functions such as reproduction, may frequently change over the course of the illness in AN patients. In this context, we chose to evaluate metabolic adaptations according to the variation in weight (gain or loss) over a short duration of 6 months. Whereas weight, body composition and REE m were comparable in patients who gained and lost weight, the patients with weight gain, who had lower aBMD, showed a tendency towards the normalisation of various parameters, such as higher values for OC, leptin and FLI and lower concentrations of CTX, as opposed to the weight loss group. These results suggest that regaining a mean of only 3.7 kg, which corresponds to less than 10 % of body weight, is sufficient to place the patient in a favourable environment and probably reduces the part of spare energy mobilised by the body during chronic starvation [15] . Our results are in line with previous studies reporting the favourable effects on various biological parameters, including adipokines, bone turnover markers and aBMD, when weight or menses is recovered [14, 27, 36] .
Although the number of patients and age-matched controls seemed sufficient to test our hypothesis, this study has some limitations that should be noted. The evaluation of fasting glucose and insulin and the calculation of HOMA-IR are routinely performed to determine glucose homeostasis, but we did not perform oral glucose tolerance tests to verify glucose status. This test may be helpful for monitoring potential OC variations during the glucose tolerance test. Moreover, the cross-sectional design of the study did not allow us to follow the variations in these biological parameters in the patients who had regained or lost body weight. This should be performed in the future. Last, the comparison of patients and controls, some of whom were taking OCPs whereas others were not, may also constitute a limitation because the study design is more complex. Nevertheless, OCPs seem to have only minor effects on bone metabolism.
In conclusion, this study demonstrates important interrelationships between REE m and bone remodelling, glucose homeostasis, adipokines and growth factors in AN patients. These findings underscore the importance of preventing energy deficiency in order to limit bone health problems. Moreover, we demonstrated that various biological factors were modulated by the variation in weight over the last 6 months rather than by the disease duration. This finding suggests that weight gain, even minor, sends a positive signal to the organism that probably reduces the measures of spare energy implemented by chronic starvation and tends to normalise various parameters. This response precedes the normalisation of body composition. These data constitute new information about the benefits of early management of AN.
